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ABSTRACT

Absolute frequency measurement has been extended to the visible spectrum
with the measurement of the strong 1.15 um laser line in 20Ne at 260 THz
and lines in iodine at twice this frequency. The 260 THz frequency was
synthesized in nonlinear crystals of CdGeAs, and AgAsS; from stabilized CO,
lasers and the 1.5 pm laser line in 29Ne. The visible frequencies were
synthesized by generating the second harmonic of the 260 THz radiation with
a LiNbO, crystal. The absolute frequencies of ten hyperfine components of
1271, near 520 THz were measured.

INTRODUCTION
Since the frequency measurement by Hocker et al. [1] in 1967 of the 890 GHz

line of the HCN laser the progress in laser frequency measurement has been
steady (See Fig. 1). The frequency measurement of the 10 THz line of H,0
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in 1970 by Evenson et al. [2] and the 1973 frequency measurement of the (O,
laser at 30 THz cpened the way for the 88 THz (2.39 pm) freguency measure-
ment of the CH, stabilized Ne line by Evenson, et al. 3]

Since the 88 GHz measurement, progress toward higher frequencies has
been somewhat slower due to the falloff in the sensitivity of the point-
contact MIM dioae used in the measurements. Nevertheless, in 1974 the 148
THz frequency of Xe was measured {4], and then, in 1977 the 197 THz Ne
radiation was also measured [5]. Efforts tc reach 260 THz and the visible
wera still elusive. During the past year, however, a change in experi-
mental techniques has resulted in attainment of both of these goals.

The 260 THz Measurement

In principle, the measurement of the 260 THz (1.15 um) laser line in 2%Ne

is straightforward as can be seen in Fig. 2. The addition of two CO, laser
lines to the previously measured 197 THz laser radiation of 2%Ne synthe-

sizes the required frequency of 260 THz within the 1.5 GHz pass band of the
RF amplifier used.
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The actual synthesis of 260 THz was achieved by using the guadratic
nonlinear susceptibility in crystals to mix the known laser frequencies in
the following manner. A crystal of CdGeAs, was used to sum the R..(20),
13C150, and the R, (22), *2(C180, laser frequencies. The 63 THz BBtput
frequency (4.7 um) Was then summed with the 197 THz frequency of a 2%Ne,
1.5 um laser in a crystal of Ag;AsSs (proustite). This synthesized radia-
tion (260 THz) was combined with the 260 THz 2%Ne, 1.15 um laser raagiation,
and the difference frequency (i.e., the beat frequency) was detected on a
fast photovoltaic Ge dicde. The resulting beat frequency was amplified and
measured with a spectrum analyzer.

The experimenta' setup is shown in Fig. 3. The CO, reference lasers
were stabilized to the saturated absorption in C0s, (5] and the CO; power
lasers were freguency offset locked. The 1.15 um, 3He-20Ne laser was fre-
quency offset locked to a Lamb-dip stabilized 1.15 pm, 2ONe laser [6]. The
1.5 um, 3He-2°Ne laser was manually set to the center of its gain curve.
The basic lasers have been described elsewhere with the exception that
mirrors and gas fills were change¢ to enhance laser performance for each

particular frequency [3,7].
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Therefore, the frequency of the 29Ne, 1.15 pm laser was:

v = +

=y v
Qne, 115 um 120164 0,, Rp;(22) ‘3c‘2oz, Rpp(20)

+ v “Vv
pe. 1,52 um beat,

where

‘1218, ,R((22) = 32.373156(00) Tz (8],

‘3c150 Rp(20) = 30.950 40900)  THz (93,
Y20
Ne, 1.52 um = 196.780 372(25) THz [10], and
Ybeat = 0.000 673(15) THz.
Thus,
Y20
Ne, 1.15 um = 260,103 264(30) THz.

This number is in agreement with the frequencies derived from wavelength
measurements in the spectra tables [11] and a recent, more accurate wave-
length measurement [12]. The uncertainty in the 2O%Ne, 1.15 um frequency
comes from the uncertainties in the 2ONe, 1.52 pm frequency (25 MHz) and
the determination of line center (15 MHz).

Previous frequency measurements up to 197 THz (1.52 pm) have utilized
the tungsten-nickel, point-contact diode as the nonlinear element for syn-
thesis and detection. Several unsuccessful attempts were made to use this
diode in the measurement of the 260 THz frequency prior to the measurement
described above. After this frequency had been successfully measured with
the nonlinear crystals (i.e. the beat frequency was known) the 4.73, 1.52,
and 1.15 pm radiations were again focused on the point-contact diode in
another attempt to use this device. All rectified signals were of the
order of 1 mV; the polarity of the 1.52 and 1.15 um signals was opposite to
that of the 4.73 pm signal. A search was made at the known beat freqguency
with diode impedances from a few hundred ohms to several thousand chms.
The results were.unsuccessful.

Once the 260 THz 2%Ne line is measured it is in principle a simple
matter to double this frequency and thereby synthesize a known frequency in
the visible, 520 THz. In a joint experiment with the National Research
Council in Ottawa, Canada ten hyperfine transitions in 1271, near 520 THz
were measured by comparison with the known frequency of the Lamb-dip stabi-
Yized pure 20Ne laser at 260 THz. The yellow-green light at 520 THz, gen-
erated (in the NRC laser) [13] by intracavity doubling in }ithium niobate
of 260 THz ragiation from a He-Ne agischarge, was servo-locked to indiviaual
hyperfine components of 12712 observed in saturated absorption, and their
frequencies were determined simply by measurement of the beat freguencies
of the two radiations at 260 THz
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Fig. 4 Results of the 1271, hyperfine frequency measuyrement at 520 Hz.
Absorption spectra of 1271, from the work of GERSTENKORN et al. [16]

There is a substantial overlap of the doubled radiation and the strong
P(62) line in the 17-1 band of '27], (See Fig. 4). Fifteen hyperfine
components (labeled a to o in order of decreasing frequency) are expected
in this line, and ten of these (f to o) were observed in saturated absorp-
tion within the laser tuning range. The lowest fregquency component, 0, 1s
well separated from the others and provides by far the best signal-to-naise
ratio because the background aosorption from the other jodine components is
relatively small and because it occurs near the peak of the laser output
power. The components had a full width at half height of 2 MHz for an
lodine pressure of 4 Pa. With 2 MHz frequency modulation (at 1.8 kHz), the
laser could be servo-locked to the zero-crossing of the amp)itude modula~
tion at 5.4 kHz that occurs at the center of each component (third harmonic
locking). The infrared laser was locked in turn to each hyperfine compo-
nent for the frequency measurements described below, and thus was at half
the frequency of the hyperfine line.

The frequency measurements were done simply by combining the 260 THz
beams from the two lasers on a high speed photodiode. The beat freguency
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was displayed on a spectrum analyzer and measured with an adjustable marker
oscillator and counter. The freguency, fu, of the a-component is given by

fu =2 [fNe + (fU/Z - fNe)L

Six determinations of the frequency difference between the o-component
and the lLamb-dip were made with a readjustment of the mirrors of the NBS
faser for symmetrical Lamb-oip between each ane. The standard deviation of
six such settings was about 0.] MHz. Systematic errors due to asymmetry of
the modulation envelope were estimated to be less than about 1% of the 45
MHz full width of the Lamb-dip. Other sources of error were significantly
less than this. The mean value is

fo/2 - fNe = 154.3 MHz,

and the estimated 1-0 error is 0.5 MHz. The frequency of the o-component
of P(62), 17-1 band of 127, is thus

fo =2 [fNe + (on/Z - fNe)] = 520 206 837 * 60 MHz.

preliminary measurement of the wavelength of this component gave

= 576 294 758 + 6 fm [14], from which we calculate f_ = ¢/A = 520 206 811
6 MHz [15]. The agreement between the above values Tor the frequency is
satisfactorily within the error limits. In addition, the laser was locked
to each of the components (n to f) and the beat frequencies between f /2
and f o Were measured. The results are shown in Fig. 4. The uncertainty
in eadlf of these beat frequencies is alsc 0.5 MHz.

A
A
t

This extension of absolute frequency measurements to the visible paves
the way for highly accurate measurements in this portion of the electro-
magnetic spectrum. The rather large error limit on f_ is due to the free
running 197 THz He-Ne laser used in the measurement of" the Lamb-dip stabi-
Tized %%Ne, 1.15 um laser. In view of the reproducibility of this Lamb-dip
stabjlized laser, an improved determination of its frequency, f, , can be
combined with the above value of f -2f to decrease the uncer§31nty of
these iodine frequencies by about wd orag?s of magnitude.

The Frequency Chain to the Visible

Fig. 5 illustrates the entire chain of frequency measurements which Tink
the frequency at 520 THz to the Cs frequency standard. Fourteen Tasers and
six klystrons were used in seven steps, each terminated by a laser actively
stabilized to a Doppler-free absorption line when possible. Unfortunately,
such a stabilization technique does not exist for the 2.03 um Xe and 1.52
pm Ne lasers. Consequently, the principal uncertainty in the 520 THz
measurement results from the uncertainties in these two frequencies. With
this chain, a significant improvement can therefore be realized by connect-
ing the 88 THz and 260 THz lasers in a single step. This measurement can
be done in a straightforward way by simultaneously observing beats between
the 88 and 148 THz lasers, the 148 and 1397 THz lasers, and the 197 and 260
THz tasers. Unfortunately, this measurement would require eleven lasers
and one klystron in a major experimental effort.

Therefore, the chain shown in Fig. & is proposed as an alternative
technigue for connecting the 1271, stabilized 520 laser to the Cs frequency
standard. The multiplication factor of 48020 is accomplished with six
lasers and five klystrons, a significant reduction from the previous chain.
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A1l Tasers in the chain exist, and each multiplicationr step has been demon-
strated to be experimentally feasible with the nonlinear devices indicated
in the diagram. This chain should have a measurement capability with a
fractional frequency uncertainty between 10 '°© and 10 1! for the I, transi-
tion at 520 THz.

This stabilized frequency at 520 THz appears to be an ideal reference
from which to synthesize other standard frequencies in the visible spec-
trum. [t 15 anticipated that these frequencies will again be snythesized
by mixing the radiation from the 520 THz laser with an appropriate infrared
laser in a nonlinear crystal such as AgGaS,. This crystal has been pro-
duced with a wide, low absorption, transmission band (a<0.5 cm ! for 0.5<A
<10 um) [16] and has been used to up-convert 10.6 pm radiation into the
green spectral range [17]. As an example of this method, Fig. 7 shows a
possible way to measure the frequency of the I, stabilized 0.633 pm Ne
laser.

Summary

In summary, we have demonstrated the technique of visible frequency mea-
surements that are directly related to the (S frequency standard. In the
future we would hope to use this technigue to generate a number of standard
freguencies in the visible.
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